We have employed a quadrature detection technique to measure the Doppler signal from a moving target. We mix a circularly polarized reference with a linearly polarized signal to produce an output that contains the real and the imaginary parts of the interference field in the two output polarizations. We are thus able to measure the in-phase and the quadrature components of an interferometric signal simultaneously by splitting the output with a polarizing beam splitter. We present data that demonstrate our ability through this technique to obtain both the amplitude and the frequency of vibration of an audio speaker. We also demonstrate the technique's ability to give one access to the direction of motion and instantaneous position of the target.
Introduction
Doppler lidar measurements [1] [2] [3] and vibrometers that distinguish phase 4, 5 generally require a Bragg cell in the reference beam of an interferometer or two lasers 6 to resolve positive from negative velocities. In these techniques, a single reference beam is offset in frequency 7 and the in-phase ͑I͒ and quadrature ͑Q͒ components are obtained with electronic circuitry following a single detector. The difficulty with the offset approach is in maintaining a stable local oscillator frequency with respect to the transmitter. Both of these methods involve expensive optical components, specialized electronic circuitry, and the consumption of additional power.
The most direct way to measure the two components of the complex signal would be to direct the signal to two detectors, each with its own reference beam. If the two reference beams are the I and the Q components of the transmitted beam, the two detector outputs will be the real and the imaginary components of the signal, respectively. This is the technique commonly used in radar when the wavelength is long. Short optical wavelengths make it impractical to maintain the phase relationship between the references, because path lengths must be held constant to a fraction of a wavelength. In this study, the quadrature references are generated optically by a quarter-wave plate in the local oscillator path.
As is described in detail in the Section 2, we mix the circularly polarized reference with a signal beam that is linearly polarized at 45°. This allows us to separate the real from the imaginary part of the interference term by measuring the intensity in both its horizontally and its vertically polarized components. Positive frequency shifts in the signal beam result in the phasor rotating clockwise and vice versa for negative shifts.
As an illustration of the technique, we present results from experiments performed on a vibrating mirror. The presence of positive and negative velocities and of well-defined motion makes a vibrating mirror ideal for our demonstration. We demonstrate our ability to distinguish positive from negative velocities as well as to measure the amplitude and the frequency of the overall motion.
Quadrature Interferometry
In this section, we outline the principles of quadrature interferometry. We show that the technique gives information about the sign of the Doppler frequency shift and the extent of the motion.
We start with a circularly polarized reference and a linearly polarized signal beam:
The complex amplitudes of the signal and the reference fields are described by the magnitudes A and B and the phases ␣ and ␤, respectively. These com-plex amplitudes are functions of position, depending on the spatial properties of the target, but our onepixel detectors integrate this to a constant. 8 The use of this technique for spatial resolution of the phase for surface quality or dielectric property measurement will be discussed elsewhere.
Mixing these fields and looking at the intensity of the horizontal and the vertical polarizations, we see that
Since the frequency difference between the signal and the reference beams is the Doppler shift, we can determine the direction of motion by tracking the relative phase difference between the x and the y components of the mixed intensity. In particular, if we remove the dc portion of the measured intensity and create a complex number I ϩ jQ, the resulting phasor will look like
An increasing phase with time corresponds to a positive Doppler shift in the signal beam.
A phase change of 2 corresponds to motion through one-half wavelength of the light. We can therefore track the motion to fractions of a micrometer by tracking the phase. Our technique therefore gives us the direction and the magnitude of the velocity as well as its instantaneous position.
Doppler Signal Measurement
Our experimental setup is schematically illustrated in Fig. 1 . We use a helium-neon laser ͑ ϭ 632.8 nm͒ as the input to a modified Mach-Zehnder interferometer. An optical isolator is used to prevent additional cavity modes stimulated by reflections from the target. 9 
As described in Section 2, the I and Q parts of the interference portion of the recombined beam are contained in the horizontal and vertical components, respectively. A polarizing beam splitter is used to separate the beam into both its horizontal and its vertical components. Reverse-biased silicon detectors are ac coupled to amplifiers, and voltage data are taken with an analog-to-digital card in a personal computer.
The target is a small mirror mounted on a speaker. We controlled the frequency and amplitude of the mirror motion with a function generator.
The interference term oscillates at the Doppler frequency. The oscillatory motion of the speaker causes this to appear as a frequency-modulated intensity at the detectors, with the I channel leading the Q channel by 90°. We have used a good reflector as a target for proof of concept. However, as with any coherent detection scheme, a depolarizing target can also be used. The signal strength is dependent on the amount of light that remains with the original polarization. The resulting loss of signal due to depolarization is therefore equivalent to that found in conventional lidar techniques.
Signal Analysis
We display here data from a speaker driven at 150 Hz with roughly 0.1W. The I channel signal detected in this case appears as in Fig. 2͑a͒. Fig. 2͑b͒ is a detail of 2͑a͒, showing the FM nature of the signal. The decrease in signal when the frequency is high is due to low-pass filters within the detector electronics.
The fast Fourier transform ͑FFT͒ power spectrum of the I channel is shown in Fig. 3 . We took 16,384 points with a 500-kHz sample rate, which results in a frequency resolution of 30 Hz. The maximum Doppler frequency is determined to be between 16400 and 18200 Hz. The actual maximum Doppler frequency is difficult to determine because of the gradual fall off at the high end of the spectrum. This error is due to the finite number of data points available to the FFT as well as to noise in the signal and the normal falloff from vanishing dwell time at the largest velocity. This range of frequencies corresponds to a velocity range of from 0.0052 to 0.0058 m͞s.
If we create a complex number with the I channel as the real part and the Q channel as the imaginary part, the locus in the complex plane will be a closed curve, as shown in Fig. 4͑a͒ . The unwrapped phase of this set of complex numbers gives us information about the amplitude and the period of the motion as well as its instantaneous direction. Figure 4͑b͒ illustrates this. The period of the motion is easily seen to be 6.67 ms ͑150 Hz͒.
The total extent of the motion in wavelengths is found by determining half the maximum phase change over 2. The factor of 2 arises from the dou- bling of the Doppler shift due to reflection from the moving target. In this example, the maximum phase change is 230 rad, which corresponds to a total range of motion of 18.3 wavelengths. The amplitude of the motion was therefore 9.15 wavelengths, and the direction of the motion can be ascertained from the sign of the slope. The maximum velocity is easily calculated with max ϭ 2fx max ,
and is found in this case to be 5.442 ϫ 10 Ϫ3 m͞s Ϯ9 ϫ 10 Ϫ6 m͞s. The considerable improvement in accuracy can be attributed to the implicit averaging that occurs when one calculates the velocity from the amplitude. Note that the instantaneous position and velocity calculated from the phase and its rate of change still contains all of the noise in the signal.
Conclusions
We have demonstrated a technique that allows us to differentiate between positive and negative Doppler frequency shifts in a laser radar system without resorting to frequency shifting of the local oscillator by a Bragg cell or using a second laser for the local oscillator. Our technique of mixing a circularly polarized reference with a linearly polarized signal allows us to obtain both the magnitude and the phase of the interference term. With this information, it is possible to discern positive from negative velocities without offsetting the frequency of the local oscillator. Our method is equally applicable to a target moving in only one direction. The complex nature of the signal provides a one-sided spectrum, so it is then easy to get the velocity and the direction of motion of the target from the frequency-domain signal.
Since the spectrum is centered around zero frequency, it is not necessary to have more bandwidth than the maximum Doppler frequency shift. Only simple low-frequency electronics and detectors are needed for small velocities. We can also easily filter out the dc portion of the signal either in hardware with a high-pass filter or in software by subtracting off the mean, thus avoiding problems with reflections from the optics.
The data that we present clearly illustrate the utility of this technique. We can extract the instantaneous direction of the velocity and the amplitude of motion of an audio speaker directly from two simultaneous intensity measurements in time. The system is inexpensive and simple, and the data analysis is straightforward and only the sensitivity, dynamic range, and bandwidth of the detectors limits the system. Applications to pulsed and cw Doppler lidar are straightforward.
